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when in the form of a single-layered crystal, rendering semiconducting TMDCs more intriguing for many optoelectronic applications [11] [12] [13] .
Recently isolated 2D crystals of black phosphorus (BP) [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , the most stable allotrope of phosphorus at room temperature, has generated interest and excitement in the context of 2D materials due to several unique properties [31] . Similar to graphene and TMDCs, individual layers of phosphorus are held together by van der Waals (vdW) interactions in the vertical direction. However, phosphorus atoms in each layer are bonded by sp 3 hybridization with neighboring atoms, resulting in a puckered honeycomb lattice structure [32] and in-plane anisotropy in its electronic and optical properties [25, 26, [33] [34] [35] [36] . Potential applications include plasmonic devices [26, 34, 37, 38] , phonon transport engineering, which could not have been possible with other 2D materials [39] .
The hole mobility of BP devices can exceed 1000 cm 2 V −1 s −2 at 300 K, but passivation is needed to prevent scattering defects from diminishing this property. Similarly, current on-off ratios in the range of 10 2 -10 4 have been observed, and may be important for devices constituting high-speed logic circuits [26, [40] [41] [42] . The optical band gap of a given BP system can be engineered over a wide range to accommodate the spectrum of incident electromagnetic energy by controlling its number of layers, also providing a material advantage [24, 25, 30] . While band gaps of most of TMDCs are greater than 1 eV [43] , first principles calculations showed that band gap of BP is expected to vary from ~1.5-2.0 eV in its single layer form down to around 0.3 eV when the crystal thickness is around 4 nm (~8 layers) or thicker, bridging the energy gap between graphene and TMDCs, making the material suitable for near-and mid-infrared applications such as optical telecommunications [6] .
What makes this feature more intriguing is the fact that the direct band gap character is maintained regardless of its thickness-TMDCs show the direct gap character only in their monolayer form-which most of optoelectronic applications find valuable [43] . Also, whereas field-effect transistors (FETs) based on MoS 2 and WS 2 show monotonic n-type transport characteristics due to the strong Fermi-level pinning near the conduction band edge [43] , recent studies have demonstrated that FL BP exhibits a noticeable p-type characteristic, thereby allowing it to be used as a p-type building block in vdW p-n heterostructures [44, 45] .
Despite all of these advantages, BP has its critical drawback in that it is unstable in air, undergoing irreversible degradation upon exposure to oxygen or water [46] [47] [48] [49] [50] [51] [52] , which requires a proper protection scheme to take full advantage of its superior intrinsic properties. To protect BP from the degradation, passivation of BP has been accomplished by several methods to encapsulate BP. Atomic layer deposition of aluminum oxide [47, [53] [54] [55] [56] effectively encapsulate BP and leads to stable FET devices for 8 months [54] . Chemical passivation with molecules has been also reported. Atomic force microscopy (AFM) and optical microscopy study demonstrated that surface coordination of titanium sulfonate ligand on BP enhances chemical stability of BP in water and humid air [57] . Other molecular techniques of covalent functionalization of aryl diazonium [58] and adsorption of benzyl viologen [59] work as p-type and n-type dopant, respectively, as well as a passivation layer, demonstrated by charge-transport measurements of FETs. Even atomically thin graphene [60] and hexagonal boron nitride can protect BP from exposure to ambient air [60] [61] [62] [63] and improved FET performance especially in electron transport channel.
However, the thickness of previously studied BP was at least thicker than 3 nm and the chemical stability of atomically thin BP to the extent of bilayer or phosphorene was not investigated, which could be more sensitive to the effect of passivation layer on optical property and optoelectronic device performance. The photoresponse of BP devices passivated with 2D semiconductor was also not measured. The van der Waals hetero-junction [18, 22, 23] can add a new functionality of BP electrical transport. For instance, MoS 2 is intrinsically electron doped and exhibit n-type behavior, while BP shows p-type behavior so that p-n junction is formed on interface between BP and MoS 2 [19, 21, 64] . The advantage of using MoS 2 as a cover layer on BP is that enhancement of photoresponse due to dissociation of photo-generated electron-hole pairs at heterointerface can be expected.
In this work, we study the chemical stability of BP or bilayer (2L) phosphorene-MoS 2 vertical vdW heterostructure FETs subject to atmospheric air-degradation, using both the transistor characteristics and phototransistor response, and measuring the dark conductivity of BP crystals. We investigate the effectiveness of a FL MoS 2 as a vdW passivation layer under an ambient environment for an extended period of time and an elevated temperature, as well as photoluminescence (PL) at the heterojunction. When brought into contact with MoS 2 , the PL intensity of bilayer (2L) phosphorene is observed to be quenched by about 29% compared to that of the BP alone. This can be attributed to the difference in absorption in the BP layer induced by the interference color effect generated by the presence of the thin MoS 2 layer (detailed discussion can be found in supporting information) (stacks.iop.org/TDM/4/025091/mmedia) as well as charge transfer due to the existence of a built-in electric field at the BP-MoS 2 junction which help dissociate photo-induced electron-hole (e-h) pairs [18, [64] [65] [66] . MoS 2 -passivated FL BP crystals survived at least 3 weeks of air-exposure and 2 h of annealing at 350 K in an Ar environment, while exposed bare BP crystals are severely damaged and mostly disappeared.
We then fabricate FET devices by depositing source and drain metal electrodes on both the exposed and MoS 2 -passivated regions of the same BP flake for direct comparisons. Under dark condition, hole transport of a 2L-BP channel is barely impacted by the MoS 2 -passivation layer on top while electron transport is obviously improved; the influence of the MoS 2 layer on the transport characteristic becomes less significant as the thickness of BP increases. Under illumination (λ = 600 nm), in general, higher photoconductivity is detected in the MoS 2 -passivated regions than the exposed BP, with photoresponse enhancement due to the MoS 2 passivation is measured to be 75% in the 2L device when V g = 0 V. These results suggest that vdW passivation using thin MoS 2 films adds another strategic route toward air-protected BP-based nanoelectronics with improved photoconductivity. Future studies of chemical stability should investigate TMDCs other than MoS 2 to fine-tune the band alignment with BP for specific target applications, which should aid in the development of air-stable high performing optoelectronic devices.
Results and discussion
Characterization of BP-MoS 2 heterojunction BP-MoS 2 vertical heterostructures were constructed by conducting dry-transfer of thin MoS 2 films, whose shape was predefined in stripes, onto BP flakes which were micromechanically exfoliated on a 100 nm thermally grown SiO 2 on a highly doped Si wafer in a N 2 -filled glove box with O 2 concentration less than 0.5 ppm (detailed schematic illustration of the process is provided in the supporting information). Largearea trilayer MoS 2 films covered by photoresist were grown by the CVD process using solid S and MoCl 5 as precursors on a sapphire substrate in a vacuum tube furnace [47, 60-62, 67, 68] . The thickness of the MoS 2 films was verified by Raman spectroscopy and AFM height measurements, which can be found in the supporting information. Then, standard ultraviolet lithography was utilized to define stripes on the MoS 2 film, which was followed by removal of exposed areas of MoS 2 in oxygen plasma generated by an electron cyclotron resonance (ECR) reactive plasma etch system.
The shape-defined MoS 2 films were transferred using the surface-energy-assisted method [69] . In this technique, polystyrene (PS) with a molecule weight of 280 000 g mol −1 was dissolved in 100 ml of toluene and this solution was spin-coated with 3500 rpm for 60 s on the shaped MoS 2 on a sapphire substrate. This composite was baked at 80 °C for 15 min. A water droplet was placed on the edge of the substrate. Delaminating MoS 2 -PS film was initiated by scratching the edge of the substrate. Once the film was detached from the substrate, extra water was sucked away with a paper towel. In order to avoid water exposure to BP crystals, the peeled-off MoS 2 -PS film was placed on a PDMS support and left in vacuum for 2 h before brought into the glove box, and the rest of the transfer process were conducted in the glove box to complete the whole process of heterostructure fabrication without exposure to air. PS was removed by rinsing in toluene several times. This way, BP crystals become partially covered by MoS 2 stripes, allowing for direct comparison between the exposed and MoS 2 -passivated regions on the same BP flake, as schematically illustrated in figure 1(a). Throughout this work, we refer to the exposed and MoS 2 -passivated BP crystals as BP-only and BP-MoS 2 regions or areas, respectively.
A fabricated 2L BP-MoS 2 heterostructure was first identified by optical contrast, and then its layer number was verified using atomic force microscope ( indicates the thickness of the BP flake is ~1.5 nm which is slightly larger than the theoretical value of ~1.2 nm for a 2L BP. This has commonly been seen in measuring thickness of other 2D materials using the AFM, and it might have been worsened in the case of BP by partial oxidation and water molecules adsorbed on the crystal surface because the AFM measurements were conducted in ambient conditions after all the electrical measurements were completed [70] . The bilayer nature of the BP crystal was further confirmed by representative PL spectra in air shown in figure 1(e) taken under a green laser excitation (λ = 532 nm). To minimize the photooxidation of BP, we kept 1.9 kW cm −2 of incident power density, which is below the fluence that causes photooxidation (>10 kW cm −2 ) [48] . A strong PL signal at around 863 nm (1.43 eV) was detected due to its direct gap character irrespective of its layer number [31] . Notably, when the BP is in contact with MoS 2 , its maximum PL intensity is considerably quenched by about 29% and the peak position is blue-shifted by ~60 nm. One possible route for the quenching is reabsorption of the emitted light from BP by the MoS 2 passivation layer. However, considering the optical band gap of trilayer (3L) MoS 2 is ~1.4 eV [71] as well as its indirect gap nature, the probability of the events where the emitted photons from the 2L BP with an energy of 1.43 eV are absorbed by MoS 2 is expected to be insignificant. Another plausible mechanism for the observed quenching is the exciton dissociation by the built-in electric field formed at the BP-MoS 2 interface [13] . As illustrated in the inset in figure 1(e), the type-II band alignment forms at the hetero-interface in which a valence band offset is larger than the counterpart of the conduction band. Because the exciton binding energy of 2L BP crystals sitting on a SiO 2 substrate is calculated to be 0.25 eV [19] [20] [21] , these sizeable band offsets promote the exciton dissociation events, thereby resulting in considerably reduced recombination events. The blue shift in the PL maximum peak position upon contacting MoS 2 may be due to the reduced defect states induced by oxidation, affecting its electronic band structures.
MoS 2 as a van der Waals passivation layer
To test the effectiveness of MoS 2 thin films as a protection layer, we characterized the BP-MoS 2 heterostructures using an optical microscope and Raman spectroscopy as the samples are stored under exposure to air or an elevated temperature (350 °C). It has been reported that BP crystals quickly degrade in ambient conditions within a matter of days, with a possible mechanism involving irreversible conversion of BP into PO x by O 2 and H 2 O [29, 47, 60] . The top panel of figures 2(a) and S2, and the bottom panel of figure 2(a) show optical microscopic images of a FL BP flake which is partially covered by 3L CVD MoS 2 upon the completion of the heterostructure fabrication, after 1 and 3 weeks of exposure in air, respectively. In a week (figure S2), portions of the BP-only region have undergone severe deterioration whereas the BP-MoS 2 area remained almost intact. After 3 weeks of air-exposure, as shown in the bottom panel of figure 2(a) , most of the exposed BP was etched away barely leaving traces of a BP crystal to be identified, but no noticeable change was observed in the MoS 2 -passivated BP. Note that we observe no significant difference of color contrast between edge and center part of BP-MoS 2 . If the color contrast exhibited a distinct difference within the width of MoS 2 stripe, the edge degradation played a major role in the crystal deterioration, which was not observed. Therefore, we believe that 10 µm width of MoS 2 stripe is enough to compare the performance of bare BP and BP-MoS 2 . To further confirm this observation, Raman spectroscopy measurements were taken on both the passivated (Ι) and exposed (ΙΙ) locations of the BP flake ( figure 2(b) ). In the upper panel, MoS 2 -protected BP clearly shows its signature peaks-A g 1 , B 2g , and A g 2 peaks-even after 3 weeks of air-exposure although the peak intensity of BP peaks decreased a little when compared to that of MoS 2 , which is stable enough to withstand this level of ambient conditions over an extended period of time. Also, the spectra of the MoS 2 before and after the exposure are almost identical, in both peak shift as well as intensity, excluding a possibility of reactions at the BP-MoS 2 interface. On the other hand, the Raman spectra acquired at the exposed BP area after 3 weeksexposure to air shows no discernable peaks associated with BP crystals, corroborating the observation under an optical microscope. In addition, the thermal stability of a thin BP passivated by a 3L CVD MoS 2 has been tested at 350 °C under an Ar environment for 2 h, as provided in figure 2(c) , where the top and bottom panels present optical images of the BP-MoS 2 heterostructure before and after the annealing, respectively. Similar to the air-stability case, the exposed BP crystal has mostly disappeared after the annealing while the MoS 2 -passivated regions can still be observed by optical contrast. Again, Raman analysis was conducted at both the passivated (Ι) and exposed (ΙΙ) locations to verify the quality of the BP crystal after the annealing ( figure 2(d) ). The conspicuous signature peaks of BP observed in the passivated region after the annealing confirm that the BP underneath the MoS 2 layer has survived the harsh annealing condition, with somewhat reduced peak intensity, while the exposed area has almost completely been etched away. inside the glove box, on top of 100 nm SiO 2 on a highly doped Si wafer which was used as a global back gate, the heterostructures were transported for further metal electrodes deposition in an N 2 -filled container to minimize air-exposure. Then, the source and drain metal electrodes with a channel length of 1.5 µm were patterned on both the exposed and MoS 2 -passivated areas of a target BP flake using ultraviolet photolithography, followed by the deposition of Ti (20 nm)/Au (60 nm) as the contact metal via electron beam evaporation. This way, we were able to fabricate exposed and MoS 2 -passivated BP FET devices on the same BP flake, allowing for direct comparisons. In order to explore the effect of BP thickness on device performance, four different FETs out of 1.5 (2L), 5, 13 and 20 nm-thick BP flakes were fabricated with the thickness of the MoS 2 passivation layer kept constant at 3L. The AFM measurements to verify the thickness of the samples were performed in tapping mode after the electrical testing has been completed to avoid crystal degradation by air-exposure as well as possible physical damage during the imaging. The electrical measurements of the devices were carried out in an ambient environment at room temperature. More detailed fabrication and characterization methods are provided in the supporting information.
Transport characteristics of BP-MoS
The electrical measurements were carried out using Agilent E5262A Source Measure Units for voltage sourcing and current measurements. In figure 3(b) , transfer characteristics of the BP-MoS 2 channels with different BP thicknesses are plotted at constant sourcedrain voltage, V ds = −0.1 V. In general, we find that the on-current increases prominently as the gate volt age (V g ) sweeps towards negative voltage which we assign to p-type transport characteristics, consistent with previous reports for BP FETs [47] . This indicates that the metal electrodes interact with the BP channel through the thin MoS 2 passivation layer and the Fermi level is then pinned closer to the valence band of the BP. Hence, the transport within the channel is largely determined by the bottom BP channels rather than the top MoS 2 layer. This behavior is more prominent in devices based on thinner BP flakes as expected while electron transport becomes important when BP thickness reaches 20 nm (black circles, figure 3(b) ), showing a near ambipolar behavior. Also, there exists an obvious trend that the minimum off-current monotonically increases, whereas the on-off current ratio (I on /I off ) decreases as BP thickness increases-about 5 × 10 3 and 3 × 10 1 for the 2L and 20 nm devices, corre spondingly (which is an underestimation of the intrinsic value of the devices given the curves do not reach the saturation within the range of voltage sweep used in this work). This can be explained by the combination of a significant change in the band gap of BP with the layer number and a consequent Schottky barrier height change at the interface with the metal electrodes, discussed in more detail below. The maximum on-current, however, does not exhibit the monotonic upward trend and even decreases as the BP thickness increases from 13 to 20 nm, which could be explained by the interplay between charge screening and interlayer coupling that can be used to estimate current distribution throughout the individual layers of a 2D layered channel region [24, 25, [72] [73] [74] . The substantial interlayer resistance reduces field effect mobility in thicker BP flake [73, 75] . When the thickness of BP increases, the increased interlayer resistance prevents more current to flow the top layer far away from the bottom gate. In consequence, channel conductivity and field effect mobility consequently drops as BP becomes thicker.
The field-effect mobility of the BP-MoS 2 regions is estimated based on the method of trans-conductance [73, 76] . Specifically, the trans-conductance, g m , is given by:
where L and W correspond to the effective channel length and width between drain and source electrodes, respectively. C ox is the capacitance of the gate oxide, I ds is the drain-source current, V ds is the drain-source voltage, and V g is the back-gate voltage. The estimated field-effect hole mobility values (µ) are: 0.5, 15.7, 50.6, and 14.7 cm 2 V −1 s −1 for 1.5 (2L), 5, 13, and 20 nm devices, respectively. These are comparatively lower than previously reported hole mobility predictions for exposed [77] and AlO x -encapsulated [24] BP devices, which could be due to increased scattering events from additional defect, trap and impurity states introduced at the BP-MoS 2 interface and the imperfect dry transfer of MoS 2 thin films.
More detailed results of the 2L device are provided in figure 3(c) where direct comparisons between the BP-only, BP-MoS 2 , and MoS 2 -only channels can be made. Firstly, the BP-only channel (red circles) exhibits an obvious p-type characteristic with a negligible level of electron transport recorded under a positively applied V g up to 15 V. In contrast, the MoS 2 -only channel (orange circles) shows an n-type behavior with no discernable hole transport, but with maximum I ds of only ~7 × 10 −4 µA µm which is around a hundred times lower than that of the BP-only and with an I on /I off of mere ~50. The much lower conductance of the MoS 2 channel than the BP channel even with one more layer available for charge carrier transport could be in part attributed to the heavier effective mass in MoS 2 and the low crystal quality of the CVD-grown MoS 2 film, which is a common trade-off for large area 2D films grown by the CVD process. In the BP-MoS 2 region (blue circles), under a negative back gate voltage, the current trace is very close to that of the BP-only channel with only a little decrease in the current level, implying that a FL-thin MoS 2 passivation layer does not add noticeable impedance and the tunneling barrier in the vertical direction is relatively insignificant in comparison to the Schottky barrier that forms in the lateral direction toward the channel. However, interestingly, as V g changes its polarity and sweeps to large positive volt ages, the BPMoS 2 channel begins to show distinct electron transport although its magnitude is slightly lower than the MoS 2 -only. Since the carrier transport through the BP and MoS 2 layers can be considered independent in the BP-MoS 2 region [47] , the transport pathways can be simplified using a resistor network schematically illustrated in figure 3(e) , where carrier injection into the BP channel encounters an additional tunneling barrier across the upper MoS 2 passivation layer. The total device conductivity can be expressed as:
where,
and ρ c,M is the contact resistivity at the metal electrodes-MoS 2 interface, R ch is the channel resistance, ρ t is the vertical tunneling resistivity across the MoS 2 passivation layer, A is the electrodes contact area, and R MoS2 and R BP are the individual MoS 2 and BP channel resistances, respectively.
When negative V g is applied, R R . Hence, the BP channel dominates the overall carrier transport, as indicated as blue dotted arrow in figure 3(e) , with the MoS 2 acting mainly as an encapsulation layer rather than a conductive channel for charge carrier transport. From the observation that almost the same I ds -V g characteristics were measured for the BP-only and BP-MoS 2 with a large negative applied V g , it is expected that
t becomes a bit more important as a smaller magnitude of negative V g is applied. In the positive V g regime, R MoS2 ( ) R BP decreases (increases) that carrier transport along the top MoS 2 channel (red dotted passage in figure 3(e) ) becomes of significance. For V g larger than ~5 V, the BP-MoS 2 shows much higher channel conductivity than the BP-only, but still lower when compared to the MoS 2 -only. This may also be because of more defects, scattering sites introduced at the heterointerface as well as a lower gating efficiency due to the charge screening by the underlying BP channel.
Conceptual understanding of this observation can be aided by the gate-dependent band diagrams, schematically illustrated in figure 4(c) . Under a positive V g (I), the Schottky barrier for electron injection to the conduction band of MoS 2 becomes thin such that the conductivity of the MoS 2 channel increases, while hole injection to the valence band of BP becomes favorable when a negative V g is applied (II), resulting in improved conductivity in the BP channel. When the thickness of BP flakes is 5 nm or more (see figures 3(d), S3(d) and S5(d), 4(a) and (b)), because a BP channel has many more layers for current passage than MoS 2 , R R films can be considered as a candidate passivation layer which in general does not deteriorate transport characteristics of BP FETs while even boosting electron transport when an ultrathin BP flake is used-2L in this study.
Enhanced photoresponse by charge separation on the interface
The transfer characteristics were also acquired under laser illumination (λ = 600 nm; 0.01 W cm −2 ) to study the impact of the MoS 2 passivation on the photoresponse of the devices. We used a supercontinuum light source (NKT, SuperK Extreme EXR-15), which was relayed through a 600 nm bandpass filter (FWHM = 10 nm). Broad illumination was used to cover the whole device in the phototransistor measurements. Figures 4(a) , (b), S4(d) and S5(e) show the I ds -V g characteristics of the devices under illumination as well as in the dark measured at V ds = −0.1 V. Interestingly, the BP-only and BP-MoS 2 regions in the 2L BP device showed apparently different responses from each other ( figure  4(a) ). In the BP-only region, over most of the gate voltage sweep, a higher current was recorded upon illumination (red line) compared to that obtained in the dark (black line), which can be attributed to increased conductivity due to generated extra charge carriers upon light absorption (photoconductivity). But, this photoconductivity decreases as a V g sweeps to a larger negative voltage so that even a slightly lower current was observed when V g < −12 V. This observation becomes more prominent in the BP-MoS 2 region, as presented in the right panel of figure 4(a) . Compared to the BP-only case, the degree of current enhancement is greater in the BP-MoS 2 area in the positive V g regime as well as with a moderate negative V g up to about −7 V, at which the photoconductivity converts into a negative response. The threshold voltage for BP-MoS 2 upon illumination and in the dark right is −1.25 V and +0.28 V, respectively, as shown in figure 4(a) right, where we define threshold voltage as the V g that I ds is twice as off-current. The shift by the illumination is −1.53 V. With no electrostatic gating (V g = 0 V), photo-induced current of the BP-only region, This increased photoconductivity attributed to MoS 2 suggests improved exciton dissociation efficiency by the built-in electric field at the BP-MoS 2 p-n interface-previously evidenced by the significant PL quenching-which exists throughout the whole active channel area. This provides an additional driving force for separation of photo-generated e-h pairs [78] . Some additional light absorption by the MoS 2 passivation layer may contribute to the photoconductivity by generating additional photo-induced e-h pairs, which can then be separated for electrons (holes) to be injected into the conduction (valence) band of the BP, resulting in increased channel conductivity, as illustrated in figure 4(c) (III) . The observed current reduction in the BP-MoS 2 region upon illumination under a large negative V g may originate from a photo-induced doping effect previously reported in 2D materials [19] [20] [21] . Under light illumination, a portion of the photo-generated charge carriers (holes in this case) are trapped in localized states, as sketched in figure 4(c) (IV). Then, the trapped holes partially screen a negatively applied V g which reduces gating efficiency, leading to a horizontal shift of the I ds -V g characteristic toward a more negative gate voltage. Therefore, the photoresponse in the 2 L BP-MoS 2 can be interpreted as the combination of a noticeable increase in photoconductivity as well as the photo-induced doping effect. Figure 4 (b) shows the transfer characteristics of the 5 nm devices at the BP-only (left) and BP-MoS 2 (right) regions in the dark and with illumination under the same conditions as the 2L device. Here, higher photoconductivity was observed compared to the 2L device with the recorded PR exp and ∆PR as 2.1 mA W −1 and 22%, respectively. That is, the absolute amount of photocurrent generation was bigger and dominates while the photoresponse enhancement due to the MoS 2 passivation layer decreased when zero gate voltage was applied (V g = 0 V). In contrast to the 2L device, the photoconductive effect dominates the process and no noticeable photodoping effect was observed in both BP-only and BP-MoS 2 regions so that PR exp and ∆PR of the device reached 2.5 × 10 2 mA W −1 and 71% at V g = −11 V. Additional results for 13 and 20 nm devices are in the supporting information (figures S4(d) and S5(e)). At V g = 0 V, as the thickness of BP increases, a continued increasing trend in PR exp with 2.1 × 10 1 and 3.3 × 10 1 mA W −1 for the 13 and 20 nm devices, respectively; but, the enhancement by the MoS 2 passivation has decreased to mere 1% in the 20 nm device. Thus, MoS 2 passivation is shown to have a significant influence on carrier transport by introduction of channels for electron conduction as well as photoresponse in atomically thin FL BP devices. As the nature of BP crystals approaches its bulk form, the MoS 2 functions primarily as a passivation layer and its role as an electron transport/photoresponse enhancer becomes relatively insignificant.
Conclusions
In conclusion, in this work we study BP-MoS 2 vertical vdW heterostructure FETs and trilayer MoS 2 films can impart chemical stability and enhance the apparent photoresponsivity. When exposed to open atmosphere a 3L CVD MoS 2 , preserves an underlying FL BP crystal up to 3 weeks, while exposed portions of the same crystal were completely deteriorated as confirmed by Raman analysis. Moreover, the MoS 2 passivation layer provided BP with improved thermal stability such that the MoS 2 -passivated regions survived 2 h of annealing at 350 °C in an Ar environment with exposed parts completely etched. When in contact with MoS 2 , the PL from a 2L BP crystal is quenched by 29% compared to the bare BP crystal. This can be attributed to the difference in absorption in the BP layer induced by the interference color effect generated by the presence of the thin MoS 2 layer as well as charge transfer due to the existence of a built-in electric field at the BP-MoS 2 junction. FET devices fabricated based on BP flakes with varying thicknesses showed an interesting thickness dependent effect of MoS 2 passivation layer on electrical characteristics and photoresponse of the devices. Under the dark condition, electron transport of a 2L-thin BP channel was noticeably enhanced by the MoS 2 passivation layer apparently by the addition of electron conduction channels, while no significant change was observed in hole transport. This effect became insignificant as the thickness of BP increased so that the I ds -V g curves from MoS 2 -passivated and exposed areas of the 20 nm device barely deviated from each other. Under illumination of λ = 600 nm, apparent photoconductivity was increased by 78% in the 2L device (V g = 0 V) in the MoS 2 -passivated region than the BP-only. In addition, a noteworthy, photo-induced doping effect was observed, becoming less significant in thicker BP devices. Hence, these results demonstrate that BPMoS 2 vdW heterostructures provide a strategic route towards air-protected BP-based nanoelectronics with boosted photoconductivity. The introduction of different combinations of 2D materials may open up opportunities allowing for engineering of the band alignment for specific target applications.
